Introduction
Cancer related inflammation is associated with poor prognosis and reduced survival in numerous human malignancies. Expansion of myeloid derived immune cells in response to tumor-secreted factors largely contributes to the heightened systemic and intra-tumoral inflammatory milieu observed in cancer patients. While the pattern of infiltrating immune cells is heterogeneous between different cancers, granulocytic myeloid cells are amongst the most predominant immune cell types that confer adverse clinical outcomes. This was most strikingly demonstrated by a recent transcriptomic analysis of 18,000 tumors, encompassing 39 distinct human cancers. The authors reported that a cancer-wide granulocytic gene signature was most significantly correlated with poor prognosis, thereby implicating infiltrating granulocytes and neutrophils as central and potentially targetable regulators of tumor growth [1] . In accordance with this major finding, a large number of preclinical animal studies confirm myeloid skewing, particularly towards the granulocytic lineage, as a characteristic phenomenon in the setting of most cancers [2] [3] [4] . Moreover, high neutrophil to lymphocyte ratios (NLR), which are likely peripheral manifestations of myeloid skewing, have prognostic value for human cancer patients [5, 6] .
We recently reported that infiltrating myeloid cells exert protumorigenic actions via neutrophil elastase in prostate cancer [7] . The contribution of granulocytic myeloid cells and neutrophils to cancer progression is multifaceted and has been extensively reviewed elsewhere [8, 9] ; however, accumulating literature on the role of neutrophil elastase in cancer warrants further consideration. In this review, we examine the mechanisms by which neutrophil elastase may facilitate primary tumor growth and secondary organ metastasis. Importantly, we conclude with a brief discussion of neutrophil elastase as a novel therapeutic target in cancer.
Neutrophil elastase in health and malignancy
Neutrophil elastase was first described as a serine protease stored in azurophilic granules of neutrophils. While the enzyme is abundantly present within mature neutrophils, mRNA transcripts encoded by the ELANE gene are synthesized early during myelopoiesis, primarily during the pro-myelocyte and late pro-myelocyte stages [10] . Neutrophil elastase enzyme is released into the extracellular space through degranulation or during neutrophil extracellular trap formation, also known as NETosis [11] . There it carries out its chief physiological function of pathogen clearance during infection. Neutrophil elastase may also be a critical regulator of emergency myelopoiesis [12] , leukocyte transmigration and homing [13] , and general mounting of an inflammatory response [14, 15] . As a result of its nature as a protease with broad-spectrum specificity, neutrophil elastase is implicated in matrix remodeling in a variety of pathological processes, including but not limited to emphysema, chronic obstructive pulmonary disease (COPD) [16] , pulmonary fibrosis [17] , atherosclerosis [18] , and cancer [19] .
Indeed, neutrophil elastase expression and activity is up regulated in numerous cancer types. In lung cancer patients, elevated serological neutrophil elastase positively correlates with not only disease state but also disease progression. Interestingly, activity is three and five fold greater in the bronchoalveolar lavage fluid and serum, respectively, of individuals with lung cancer compared to those with COPD [20] . Enhanced neutrophil elastase activity in lung cancer patients can also be detected indirectly through accumulation of a neutrophil elastase specific elastin degradation product, termed EL-NE [21] . Neutrophil elastase-degraded elastin levels in the serum of individuals with lung squamous cell, non-small-cell, and adenocarcinoma are significantly greater than in those with idiopathic pulmonary fibrosis. Similarly, a strong neutrophil elastase proteolytic fingerprint distinguishes the colon adenocarcinoma proteome from that of ulcerative colitis [22] . Taken together, these findings suggest that cancer is a unique and potent inducer of neutrophil elastase, since its levels are significantly elevated in the setting of cancer, even when compared to non-malignant inflammatory diseases. In breast cancer, high neutrophil elastase immunoreactivity is an independent indicator of poor prognosis, demonstrated by diminished metastasis-free survival, relapse-free survival, and overall survival even after correcting for traditional prognostic factors such as age and tumor grade [23] [24] [25] . Moreover, increased presence of neutrophil elastase predicts poor response to tamoxifen and trastuzumab therapy [24, 26] .
Neutrophil elastase expression is also enhanced in several mouse models of cancer. A novel imaging modality utilizing a protease specific optical probe localizes activity to growing tumors in living animals. We show enhanced neutrophil elastase activity in xenografts of two human prostate cancer cell lines, as well as within tumors of probasin driven Pten-null mice compared to wild type prostates. Not surprisingly, tumors have abundant granulocytic infiltrates [7] . Human colorectal cancer xenografts are also reported to harbor abundant neutrophil elastase activity [27] . Neutrophil elastase expression and activity are similarly up regulated in uteri of Tsc2-null mice compared to healthy controls, especially at sites of leiomyoma development [28] . Furthermore, Zdhhc13 mutant mice are more susceptible to squamous cell carcinogenesis and exhibit elevated neutrophil elastase activity in the skin, concomitant with increased granulocytic infiltration [29] .
Despite its name, neutrophil elastase is reportedly produced by a variety of immune cells, including neutrophils, myeloid derived suppressor cells or MDSCs, macrophages [30] , and lymphocytes [31] . It is interesting to postulate that cancer-induced accumulation of MDSCs may explain the resultant enhanced intra-tumoral neutrophil elastase, particularly because both are correlated with disease progression in human patients. Indeed, we demonstrate that CD33 positive MDSCs produce neutrophil elastase in human prostate cancer [7] . Our findings are supported by multiple transcriptomic analyses of MDSCs in tumor bearing mice, revealing neutrophil elastase to be abundantly present in cells of both granulocytic and monocytic subtypes [32, 33] . Notably, studies have described neutrophil elastase expression in epithelial breast cancer cells, suggesting that, in some cases, its source may be from tumors themselves rather than surrounding stroma [34, 35] As mentioned, neutrophil elastase is an integral component of neutrophil extracellular traps (NETs). In fact, not only is it present in NETs, but its activity is required for NET formation [11] . NETosis is a process whereby immune cells extrude DNA fibers decorated with histones, proteases, and other proteins -similar to casting a tangled net into the extracellular space. While NETosis was initially discovered in models of host-pathogen defense, it is a relevant process in many other pathological situations where neutrophil elastase is similarly implicated. A pro-tumorigenic role for NETs has only recently become appreciated, as they appear to facilitate both primary tumor growth and metastasis [36] [37] [38] . Intriguingly, enhanced NETosis occurs in response to tumor-derived factors such as G-CSF and IL8, identical to those that are required for systemic MDSC expansion and local recruitment [39] [40] [41] .
Neutrophil elastase in primary tumor initiation and growth
The tumor burden of several genetic mouse models of cancer is significantly reduced in the setting of global neutrophil elastase deletion, suggesting an important role in cancer development and progression. Using the LSL-K-ras model of lung adenocarcinoma, mice lacking neutrophil elastase (Elane −/−) have a profound survival advantage over Elane +/+ controls [42] . While the number of lesions in both groups is the same, the grade, size, and proliferative indices are diminished, suggesting that neutrophil elastase mediates tumor growth rather than initiation [42] . Using the C3(1)Tag mouse model of breast cancer, neutrophil elastase knockout mice similarly have slower tumor growth kinetics and lower markers of proliferation [43] . In another model of tumor formation and growth, neutrophil elastase knockout SKH1 hairless mice are remarkably resistant to ultraviolet B-induced squamous cell tumorigenesis, suggesting that neutrophil elastase may contribute to tumor initiation in inflammation-induced cancers [44] . Indeed, neutrophil elastase expression and activity is enhanced in chronic colitis-associated carcinogenesis; moreover, neutrophil depletion reduces intra-tumoral neutrophil elastase as well as the number and size of tumors [45] . Likewise, in the POET3+ Pten+/− mouse model of inflammation-induced prostate carcinogenesis, the number of lesions is most strongly associated with neutrophil infiltration [46] .
The role of neutrophil elastase in primary tumor growth is also demonstrated in numerous syngeneic and xenograft mouse models. Lewis lung carcinoma tumors subcutaneously injected into Elane −/− mice grow significantly slower [42] . Neutrophil elastase inhibition via curcumin similarly shrinks Lewis lung carcinoma tumors, though off target effects likely contribute [47, 48] . Remarkably, pharmacologically targeting neutrophil elastase with a specific inhibitor sivelestat (also called ONO-5046) reduces tumor progression in mice bearing human colorectal [27] , lung [49] , gastric [50] , and prostate cancer xenografts [7] . Treatment of LSL-K-ras mice with ONO-5046 recapitulates the Elane −/− phenotype and results in smaller tumors [42] , further supporting neutrophil elastase inhibition as an efficacious treatment strategy in cancer.
Several mechanisms have been proposed to account for the protumorigenic activity of neutrophil elastase. First, neutrophil elastase can directly stimulate proliferative pathways by extracellular transactivation of membrane receptors such as epidermal growth factor receptor (EGFR) and toll-like receptor 4 (TLR4), inducing mitogen activated protein kinase (MAPK) signaling and downstream effects. In both breast and prostate cancer cells, neutrophil elastase acts through MAPK to induce ERK phosphorylation and transcription of ERK-dependent genes like FOS. Consequently, pre-treatment with MEK inhibitors abrogates neutrophil elastase induced proliferation [7, 43] . Neutrophil elastase may transactivate EGFR through cleavage and release of a variety of membrane bound ligands, including TGFα, EGF-like ligands, and PDGF [50] [51] [52] . In fact, pre-treatment with TGFα neutralizing antibodies abolishes downstream proliferative effects of neutrophil elastase in keratinocytes [51, 53] . Neutrophil elastase can additionally activate the phosphoinositide 3-kinase (PI3K)-Akt proliferative pathway through internalization and degradation of insulin receptor substrate 1 (IRS-1) in lung cancer cells [42, 47, 48, 54, 55] . Recent studies have identified possible methods of endosomal internalization of neutrophil elastase; specifically, clathrin and neuropilin-1 appear to mediate the process [54, 56] . Furthermore, co-culturing of human neutrophils with lung cancer cells in vitro reveals that direct cell-cell interactions are required for neutrophil elastase mediated release and induction of proliferation through a COX-2 dependent pathway [57] . Intriguingly, MDA-MB-231 breast cancer cells express neutrophil elastase endogenously, and shRNA mediated down-regulation results in decreased proliferation, migration, and invasion in vitro, as well as a drastic reduction in tumorigenic potential in vivo [34] . Nonetheless, the reason why different cancer cell types utilize preferential mechanisms for activation in response to neutrophil elastase is unclear at this time.
While activation of oncogenic signaling is an important way of promoting tumor growth, another possibility is disinhibition of proliferation through inactivation of tumor suppressors. In fact, the loss of tumor suppressor function is a critical step in initiation of many cancers, and neutrophil elastase may contribute to tumor progression in such a manner. For instance, neutrophil elastase-dependent cleavage compromises the tumor suppressor role of EMILIN1 [58, 59] . While extracellular matrix associated EMILIN1 normally inhibits proliferation of leiomyosarcoma cells through engagement of α4/β1 integrins, neutrophil elastase-cleaved EMILIN1 is unable to exert this effect [58, 59] . Furthermore, neutrophil elastase inactivates the anti-tumorigenic factor thrombospondin-1 (Tsp-1), enhancing growth of lung tumors and metastatic melanoma foci in the lung [60] .
Within the tumor microenvironment, neutrophil elastase may also modulate additional important processes that contribute to growth but cannot be ascertained in a culture dish. Development of a supportive vasculature is crucial for continuous expansion of cancer cells and eventual hematologic dissemination. Therefore, targeting angiogenesis is a promising cancer therapy, particularly when combined with other drugs. Indeed, NETosis, possibly via neutrophil elastase, promotes endothelial cell proliferation and motility in vitro and vascularization in vivo [61] . Neutrophil elastase directly stimulates the release of vascular endothelial growth factor or VEGF from the surface of tumor cells, which may subsequently activate proliferation of tumor-associated endothelium in a paracrine fashion [47, 52] . Accordingly, markers of angiogenesis such as VEGF and CD31 are reduced in lung tumors of LSL-K-ras neutrophil elastase knockout mice [62] . Other neutrophil derived proteases, particularly matrix metalloproteinase 9 (MMP-9), are critical mediators of angiogenesis and likely act cooperatively in vivo [63, 64] . Neutrophil elastase can regulate the activity of several members of the matrix metalloproteinase family, including MMP-9 and MMP-2 [65] [66] [67] . This is achieved through direct action on the pro-enzymes as well as inactivation of regulators of their activity, such as tissue inhibitor of metalloproteinase-1 (TIMP-1) [68] . Interestingly, resistance to anti-angiogenic therapy is mediated by refractory accumulation of granulocytic myeloid cells, and the combination of antibodies against VEGF and Gr-1 significantly improves therapeutic effect [69] . It is therefore intriguing to postulate that inhibiting neutrophil elastase may similarly improve anti-angiogenic therapy, though this hypothesis remains to be tested.
Neutrophil elastase in the metastatic cascade
Much of the morbidity and mortality associated with cancer is due to development of secondary organ metastases. The metastatic cascade requires successful completion of several steps, including cancer cell acquisition of migratory and invasive phenotypes, intravasation into adjacent vasculature, survival within the circulation, homing and subsequent extravasation into a distant site, evasion of host immunity, and finally proliferation and colonization [70] . Accumulation of granulocytic myeloid cells in the periphery and at secondary organs is thought to facilitate metastasis in numerous mouse models of cancer; in fact, depletion using Gr-1 or Ly6G antibodies or treatment with inhibitors that target chemokines and chemokine receptors to prevent their recruitment consistently results in reduced metastatic burden [4, 71, 72] . The mechanism for this phenomenon is complex and still not well understood, but myeloid derived neutrophil elastase may be one important and targetable mediator that acts at multiple key steps within the metastatic cascade.
Mice subcutaneously inoculated with Lewis lung carcinoma cells develop spontaneous lung metastases; however, the number and size of metastatic foci are significantly reduced when injected into mice with a global deletion of neutrophil elastase [42] . While this strongly suggests a critical role in the metastatic cascade, it is difficult to interpret where exactly neutrophil elastase is exerting its effect. Using the tail vein injection model of Lewis lung carcinoma cells, it is apparent that immune cell derived neutrophil elastase is crucial, since wild type mice that receive bone marrow transplants from neutrophil elastase and cathepsin G knockouts are similarly resilient to metastasis. The mechanism by which neutrophil derived proteases facilitate metastatic outgrowth is dependent on their ability to inactivate the tumor suppressor Tsp-1, thereby retaining cancer cells within the lung [60] . Importantly, these results suggest that neutrophil elastase can act on the second half of the metastatic cascade (implantation), since cancer cells are introduced directly into the circulation and do not need to first leave the primary tumor. Interestingly, proteinase 3 (PR3), a neutrophil derived protease analogous to neutrophil elastase and cathepsin G, was recently demonstrated to facilitate homing to the bone marrow through interaction with receptor for advanced glycation end products (RAGE) on prostate cancer cells [73] . The role of neutrophil elastase in tissue specific homing of cancer cells, however, remains to be further investigated.
Pharmacologic inhibition of neutrophil elastase also reduces metastatic potential of cancer cells in vivo, recapitulating the findings in the neutrophil elastase knockout animals [36, 48] . However, the apparent reduction in metastasis may partially be a result of reduced neutrophil extracellular trap (NET) formation or NETosis. Indeed, numerous studies have implicated NETs in the development of metastases [74] . Inhibition of neutrophil elastase with sivelestat reduces the extension of cancer cell induced NETs and NET-mediated cancer cell invasion, suggesting that the effects of NETs and neutrophil elastase are difficult to distinguish [38] . Moreover, targeting NETs by other means such as treatment with DNAse I or inhibitors of peptidylarginine deiminase type 4 (PAD4) similarly reduces lung and hepatic metastases, particularly in the setting of enhanced inflammatory stress [36, 75] .
One explanation for how neutrophil elastase and NETs facilitate metastatic spread is the induction of epithelial to mesenchymal transition (EMT), whereby cancer cells become more migratory and invasive. Indeed, treatment of a variety of cancer cell types with neutrophil elastase enhances migration and invasion in vitro. In ovarian cancer cells, neutrophil elastase down regulates the epithelial marker Ecadherin and activates β-catenin signaling [76] . In pancreatic cancer cells, neutrophil elastase similarly reduces E-cadherin and keratin expression and induces β-catenin mediated expression of mesenchymal markers ZEB1 and TWIST1 [77, 78] . Moreover, we find that neutrophil elastase induced migration is MAPK-independent in prostate cancer cells, since pre-treatment with a MEK inhibitor has minimal effect on migration [7] . Neutrophil elastase not surprisingly also induces cancer cell invasion in vitro, a process that requires overcoming an extracellular matrix barrier. Immunoreactive neutrophil elastase is associated with direct extension of non-small lung cancer into the aorta, suggesting human clinical relevance [79] . In vivo, it is likely that the combined effort of numerous proteases results in stromal remodeling, leading to a tumor microenvironment that is favorable for cancer cell dissemination.
Once cancer cells enter the circulation, they must survive until they reach their destination. The sequestration of circulating tumor cells within NETs is one possible mechanism for protection from host elimination. This is supported by the fact that localized NET deposits increase development of transient micro-metastases and subsequent gross metastatic disease [36, 38, 74, 75] . Neutrophil elastase also directly enhances vascular adherence of cancer cells, in part through up regulation of E-selectin on the endothelium [80] . In agreement with animal studies, the metastatic burden of advanced cancer patients consistently correlates with the number of circulating MDSCs, which are a source of neutrophil elastase and NETs [9] .
Lastly, it should be noted that neutrophil elastase is a driver of several non-malignant lung pathologies, including pulmonary fibrosis and emphysema. Neutrophil elastase knockout mice are protected from the development of air space enlargement in response to chronic cigarette smoke exposure [16] . Neutrophil elastase knockout mice are also resistant to bleomycin and asbestos induced pulmonary fibrosis [17, 81] . Neutrophil elastase appears to directly promote myofibroblast differentiation and proliferation in an IRS-1/PI3K/Akt dependent manner, similar to what is seen in lung cancer [17] . Moreover, neutrophil elastase enhances inflammation in numerous disease models [12, 14, 15] ; hence, targeting its activity may be a practical anti-inflammatory strategy in the setting of cancer.
Neutrophil elastase as a therapeutic target in cancer
The importance of MDSCs and their derived factors in promoting primary tumor growth and metastasis is evidenced by numerous preclinical studies, some of which are described above. Novel treatment strategies that target the tumor microenvironment in addition to proliferating tumor cells may lead to more favorable outcomes in patients. Indeed, several inhibitors of MDSCs are already showing promise in human clinical trials [82] . For instance, tasquinimod, a small molecule inhibitor that prevents accumulation of MDSCs and blocks angiogenesis by binding to S100A9 on myeloid cells, was recently tested in castration-resistant prostate cancer patients. Even as a monotherapy, it resulted in prolonged progression free survival, although overall survival was unchanged in this patient population [83] . Selective targeting of MDSCs in advanced cancer patients was also achieved using DS-8273a, an agonistic TRAIL-R2 antibody; similarly, a decrease in MDSCs inversely correlated with the length of progression free survival [84] . Unfortunately, cancer patients that receive such experimental drugs are often in late stages of metastatic disease resistant to traditional chemotherapeutics. If, as mentioned, neutrophil elastase and MDSC are acting early in cancer to promote growth and metastasis, treating latestage cancer with drugs directed against these species may be too late. Interestingly, response to chemotherapy is linked to a successful reduction in NLR and MDSCs in prostate and pancreatic cancer [85, 86] , suggesting that perhaps a combinatorial treatment approach would be most favorable [87] .
Inhibition or deletion of neutrophil elastase recapitulates the therapeutic effect of MDSC depletion on cancer progression, and thus could be considered a novel drug target. Several inhibitors are utilized safely in in vivo mouse models of cancer, including sivelestat or ONO-5046 and curcumin derivatives, though the latter lack specificity. While sivelestat has decent specificity and selectivity for neutrophil elastase and is well characterized in the literature, its oral bioavailability in humans is poor. Despite this, use in patients with acute lung injury and acute respiratory distress syndrome demonstrates modest benefit in limited clinical trials in Japan [88, 89] . In recent years, at least two new orally available neutrophil elastase inhibitors have been designed: AZD9668 [90] , manufactured by AstraZeneca, and BAY-85-8501 [91] , manufactured by Bayer, have already entered phase II clinical trials for a variety of pulmonary diseases and thus far appear to be well tolerated. However, since neutrophil elastase is required for the normal immune response to bacterial pathogens, heightened risk for infections is a potential significant side effect if the drug is given long term. Clinical trials for cancer have yet to be established, but in doing so, administration design (i.e. monotherapy or in combination with chemotherapy or immunotherapy), as well as the patient population, must carefully be considered in order to attain the greatest benefit.
Conclusions
Infiltrating and circulating myeloid cells exert important actions at both the primary tumor and metastatic sites. The pro-tumorigenic actions of these cells may be mediated in part by enhanced production and activity of neutrophil elastase. In one potential model, MDSCs may be drawn from the blood vessels to tumor sites, where they then secrete neutrophil elastase. This enzyme in turn promotes tumor proliferation, EMT, migration, and invasion, which ultimately leads to metastasis (Fig. 1) . As evidenced by numerous preclinical studies highlighted in this review, neutrophil elastase may therefore serve as a novel cancer biomarker or therapeutic target. That said, the recent development and safe utilization of more potent and bioavailable neutrophil elastase inhibitors in human patients is promising and warrants further investigation in the cancer field. 
